The corrosion resistance of an aging heat-treated Ti-8Mo-5Fe alloy was investigated by electrochemical impedance spectroscopy (EIS), field emission scanning electron microscopy (FE-SEM), transmission electron microscopy (TEM) and energy dispersive X-ray analysis (EDAX). The sample subjected to solution heat treatment (ST) featured a single -phase microstructure, and the samples subjected to aging heat treatments at 600-700 C showed -phase precipitates in the -phase matrix. EIS results showed that the corrosion resistance of the aging heattreated samples was lower than that of the ST sample, but much higher than that of pure Ti in a long-term immersion test in an acidic 10 mass% NaCl solution (pH 0.5) at 97 C. Laser micrographs of the aging heat-treated samples indicated susceptibility to selective corrosion of -phase at the grain boundary and in the grains, causing selective dissolution in the NaCl solution. The results of TEM combined with EDAX analyses showed the presence of the -phase matrix composed of 5.3 mass% Mo and 4.8 mass% Fe, and -phase of 0.7 mass% Mo and 0.1 mass% Fe in the sample aged at 600 C. Thus, the Mo-poor -phase precipitates were selectively dissolved in the 10 mass% NaCl solution (pH 0.5) at 97 C. In the results, the ST sample of only -phase microstructure showed the highest resistance, and the aging heat-treated samples containing -phase precipitates (0.7 mass% Mo) showed higher values than that of pure Ti in the corrosion test. Addition of Fe did not decrease the corrosion resistance of the alloy under the ST condition. Moreover, as Fe was involved in the phase with Mo which showed remarkable increase in corrosion resistance, the addition of Fe did not decrease the corrosion resistance of the aging heat-treated Mo-Fe-Ti alloy.
Introduction
Titanium alloys are widely used for structural applications, such as chemical plants and oil production facilities. The extensive use of titanium and its alloys is due to their excellent mechanical properties and high corrosion resistance. However, titanium (Ti) is susceptible to corrosion when exposed to highly acidic environments at elevated temperatures. [1] [2] [3] In order to overcome this drawback of Ti, much attention has been paid to increasing the stability of the surface oxide film. Regarding the alloying design, noble metals such as Pt, Pd and Ru have been used to increase corrosion resistance. These Ti alloys have good resistance in acidic media, [4] [5] [6] [7] [8] but the additional elements are rare and very expensive. It has been reported that alloying Ti with sufficient quantities of molybdenum (Mo) provides high corrosion resistance. 9, 10) In our research, we recently discovered that a Ti-15 mass%Mo alloy was extremely corrosion resistant in highly acidic solution at elevated temperatures compared to a rare-metal-containing Ti alloy. 11, 12) In those studies it was found that the Ti-15 mass%Mo alloy was highly resistant against crevice corrosion in sea water at 100 C. Moreover, a -phase-type Ti alloy is attractive because it has high specific strength with excellent toughness and cold workability.
It was found that by using Mo instead of rare metals, the corrosion resistance of the Ti alloy could be increased. However, due to the recent rapid increase in the price of Mo, we are very interested in the use of ferroalloys for the melting material. It is necessary to investigate the effects of Fe on corrosion behavior because Mo-bearing Ti alloy is produced by using ferromolybdenum. Moreover, in the case of welding, it is important to examine the microstructural effects of the heat-treated alloy on corrosion. Secondly, the strength of the Ti-Mo alloy can be increased by -phase precipitation in the -phase matrix. Hence, the present work examines the corrosion resistance of the heat-treated Ti-8Mo-5Fe alloy in a 10 mass% deaerated NaCl solution (pH 0.5) at 97 C. The highest temperature of the solution in chemical plants is usually around 100 C because of the boiling point of the solution (specially the sea water). Thus we examined the corrosion resistance of Ti alloy at 97 C. The stability of the passive film and breakdown behavior were investigated by electrochemical impedance spectroscopy (EIS) at opencircuit potential (OCP). The microstructure of the alloy was examined by field emission scanning electron microscopy (FE-SEM) and transmission electron microscopy (TEM) in combination with energy dispersive X-ray (EDAX) analysis. Finally, the effects of microstructure and Fe on the corrosion resistance of the heat-treated Ti-8Mo-5Fe alloy are discussed, since high corrosion resistance was maintained by means of microstructural control of the alloy.
Experimental

Material heat treatment
Titanium alloy containing 8 mass% Mo and 5 mass% Fe (Ti-8Mo-5Fe) was produced for the present investigation by means of arc melting. The sample was forged at 1000 C for 1 h and rolled at 900 C to a thickness of 3 mm, and then air cooled. Different types of heat treatments were applied to the Ti-8Mo-5Fe alloy in order to examine the effect of the metal microstructure on the corrosion behavior. The various processes and designations assigned to the samples are listed in Table 1 . All samples were subjected to solution treatment (ST) at 900 C for 1 h, and then were water quenched (WQ). Sample HB2-0 was subjected to ST only. Samples HB2-1 and HB2-4 were subjected to aging heat treatments at 700 C and 400
C for 1 h, respectively. Samples HB2-2 and HB2-3
were subjected to aging heat treatments at 600 C for 1 and 10 h, respectively. Sample A5 was pure Ti used as a reference. In order to examine the microstructure of the heat-treated alloy, the surfaces of all samples were mechanically polished to a final level of 0.3 mm alumina powder and then etched in the mixture solution of nitric acid and hydrofluoric acid.
Electrochemical measurement
The samples were cut to 1:0 Â 1:0 Â 0:2 cm for the electrochemical experiments. These samples were covered with epoxy resin so as to expose only one face to the test solution. The surface to be exposed was polished with SiC emery paper up to 1500 grit and used for EIS measurements. The electrochemical cell consisted of the Ti-8Mo-5Fe alloy as the working electrode, platinum as a counter electrode and saturated calomel electrode (SCE) as a reference electrode. The measurements were conducted in a 10 mass% NaCl solution adjusted to pH 0.5 at 97 C under deaerated (Ar) condition. The test samples were set in the test solution for 1 h to allow the potential to reach the steady state in opencircuit potential (OCP) measurement. All EIS measurements were conducted by applying an amplitude of 10 mV and scanning the frequency range from 20 kHz to 3 mHz. In order to examine the breakdown of the passive film on the Ti-8Mo-5Fe alloy, EIS measurements were conducted for the samples immersed in the test solution for several days under open-circuit (OC) conditions.
Surface characterization
The heat-treated Ti-8Mo-5Fe alloy was analyzed by a laser microscope to investigate the corrosion position after the test. Transmission electron microscopic (TEM) observations were carried out to examine the nanostructure of the samples prepared by ion beam milling. Energy dispersive X-ray analysis (EDAX) was used to measure the chemical composition around the -phase precipitates.
Results and Discussion
3.1 Microstructure of heat-treated Ti-8Mo-5Fe alloy Figure 1 shows the microstructure of the Ti-8Mo-5Fe alloy samples after the aging heat treatment. For Sample HB2-0, which was subjected only to solution treatment (ST), the microstructure consisted of relatively large grains of a single phase with an average grain size of 100 mm. However, for Samples HB2-1 and HB2-2, which were subjected to the aging heat treatment for 1 h at 700 and 600 C, a needle-shaped -phase was precipitated in eachphase grain and grain boundary, as shown in Fig. 1 (1) and (2) . The Sample HB2-3, which was aged at 600 C for 10 h, showed many and uniformly precipitated -phase within the grain ( Fig. 1(3) ). The HB2-4 sample, which was aged at 400
C for 1 h, shows no -phase precipitate.
Electrochemical impedance spectroscopic (EIS) measurement
In order to confirm the microstructural effect on corrosion resistance, EIS measurements were carried out for aging heat-treated samples in the deaerated 10 mass% NaCl (pH 0.5) at 97 C. The EIS spectrum of each aged alloy sample indicated two resistance components and one capaci- Table 1 Heat treatment conditions on Ti-8Mo-5Fe alloy. tance component, as shown in Fig. 2 . The resistance in the high-frequency region is considered to be the solution resistance. The impedance value at the lowest frequency is thought to reflect the passive film resistance or the charge transfer one. From the high impedance value at the lowest frequency, it is supposed that the electrochemical state of alloys is passive one. Also, the film capacitance is considered to appear in the EIS spectrum. 11, 12) These results showed that all samples of the aged alloy were passivated, 11, 12) and indicated high corrosion resistance even under severe conditions of the 10 mass% NaCl (pH 0.5) at 97 C. Among the aged Samples HB2-0, HB2-1, HB2-2 and HB2-4 showed high resistance (R t ) values at 3 mHz in the range of 4.0-5.5 k ohmÁcm 2 . Sample HB2-3 exhibits the lowest R t value of 2.7 k ohmÁcm 2 among the aged samples. This behavior shows that the alloy microstructure affects the corrosion resistance, although all samples can be kept in the passive state. On the other hand, sample A5 of pure Ti showed a much lower R t value of 0.12 k ohmÁcm 2 , indicating active dissolution of the base metal. In this way, the aged Ti-8Mo-5Fe alloy shows much higher corrosion resistance than pure Ti, but it is affected by the alloy microstructure. Figure 3 shows the OCP results of the aged alloys and pure Ti (A5) after 1 h immersion in 10 mass% NaCl solutions of various pHs at 97 C. From pH 2 to 4, the OCP of each aged sample showed a high value; however, at pH 1.0 the OCPs of Samples HB2-2, HB2-3 and HB2-4 showed a lower value of À0:40 to À0:45 V. This behavior was thought to indicate the start of the depassivation of passive film. On the other hand, the OCP of Sample A5 of pure Ti indicated a much lower value of À0:50 V at pH 1.0 and À0:70 V at pH 0.5. In the same way as seen in Fig. 1 , the aged Ti-8Mo-5Fe alloy shows much higher corrosion resistance than pure Ti, but this alloy is affected by the microstructure in the low-pH solutions.
It is important to investigate the stability of the passive film over a longer duration for the aged Ti-8Mo-5Fe alloy. Hence, all samples were passivated at +0.5 V for 1 h, and then the OCP was measured in the above test solution for 7 days. OCP was monitored throughout the experiment and EIS measurements were carried out after 1, 3, 5 and 7 days of immersion. Figure 4 shows the OCP decays of the samples after passivation for 1 h in the test solution. Samples HB2-0 and HB2-4 showed higher OCP values of À0:14 and À0:02 V, respectively after 7 days. This behavior indicates that the sample with only the phase retains the passive state and has higher corrosion resistance. On the other hand, Samples HB2-2 and HB2-3 showed lower OCP values of À0:24 and À0:25 V, respectively after 7 days. This behavior elucidates that the sample with -phase precipitates has lower corrosion resistance. Moreover, Sample A5 of pure Ti showed the lowest value, À0:72 V, indicating active dissolution of the metal (data is not shown in Fig. 4) . Thus, the aged Ti-8Mo-5Fe alloy demonstrates much higher corrosion resistance than pure Ti. Figure 5 shows EIS spectra of the aged Ti-8Mo-5Fe alloy in the 10 mass% NaCl (pH 0.5) solution at 97 C. All samples showed mainly two resistance components and one capacitance component, and very high impedance values in the low-frequency region in the first day. This is explained by the fact that the resistance in the low-frequency region is the passive film resistance, and the film capacitance appears in the EIS spectrum. 13) At 5 days, the EIS spectra showed another resistance component in the mid-frequency region. This resistance in the mid-frequency region was considered to be caused by -phase dissolution. From the previous research, 11, 12) when the depassivation of Ti alloy were occurred, the film was not eliminated completely, and there was something like pseudo-film remained at the surface. This pseudo-film on -phase was thought to show the resistance component in the mid-frequency region. However, it needed more detail examination to identify it. In general, the corrosion of alloy reflects the resistance at the low-frequency in the EIS, we estimate the impedance at 3 mHz. The impedances (R t ) of all samples at 3 mHz were high values. Thus, all samples are considered to be able to retain the passive state on the base metal under severe conditions. Figure 6 shows the corrosion resistance (R t ) at 3 mHz obtained from the EIS spectra shown in Fig. 5 with immersion time. Samples HB2-0 and HB2-4 showed higher R t values of 7.5 and 27 k ohmÁcm 2 , respectively, at 7 days. This behavior is explained by the fact that the sample with only the phase has higher corrosion resistance for longterm immersion. On the other hand, Samples HB2-2 and HB2-3 showed lower R t values of 4.4 and 4.2 k ohmÁcm 2 , respectively. This behavior shows that the sample withphase precipitates has lower corrosion resistance. In this way, it is demonstrated that the corrosion resistance (R t ) is decreased by the second phase in the microstructure of the aged Ti-8Mo-5Fe alloy in highly acidic chloride solution.
Surface characterization after corrosion of aging
heat-treated Ti-5Fe-8Mo alloy Figure 7 shows laser micrographs of the surfaces of Sample HB2-2 (600 C, 1 h) after varying duration of immersion in the 10 mass% NaCl (pH 0.5) solution at 97 C. The surface of Sample HB2-2 was not affected by immersion in 1 day in acidic solution. However, Sample HB2-2 gradually showed dissolution at the grain boundaries as well as in the grains of the phase after 3 days. This behavior is presumably related to selective -phase dissolution in the microstructure because the structure after the immersion test, as shown in Fig. 7 , is thought to be similar to that in Fig. 1 . 13) In order to further elucidate the precipitated phase in the grains and at the grain boundaries, TEM with EDAX was used, which can identify the form and elemental composition of the microstructure. TEM-EDAX mapping analysis of heattreated sample HB2-2 was carried out as shown in Fig. 8 . The bright-field image of the structure is shown in Fig. 8(1) , which indicates -phase precipitates in the matrix metal. The shape of the -phase precipitates was needle-like and orientated in almost the same direction. The mapping showed the elemental composition of Ti, Fe and Mo around thephase precipitates. Although the distribution of Ti was not clear, the contents of Fe and Mo in the -phase precipitates were less than that in the matrix metal.
A TEM bright-field image of one precipitated -phase for Sample HB2-2 (600 C, 1 h) is shown in Fig. 9 . The micrograph depicts the spot positions of EDAX analysis, the results of which are shown in Fig. 10 . Figure 10 indicates the elemental composition of Mo, Fe and Ti in mass% corresponding to each spot position in Fig. 9 . This figure clearly showed a drastic drop in mass% of Mo and Fe with 3.4 Corrosion mechanism of aging heat-treated Ti-8Mo-5Fe alloy Surface analysis showed that the aging heat-treated Ti8Mo-5Fe alloy had Mo-and Fe-rich phase and Mo-poor phase in the metal structure. In the case of the Ti-Mo binary alloy, microgalvanic coupling occurred between the Mo-poor phase and Mo-rich phase, and the active part of the phase was highly susceptible to corrosion. 13) Hence, as for the Ti-8Mo-5Fe alloy in Fig. 7 , corrosion preferentially occurred at the phase in Sample HB2-2 in the same way as Ti-Mo alloy. In the case of Samples HB2-0 and HB2-4, since they contain only the phase, corrosion is prevented. Compared with pure Ti, the aged alloy samples that had an phase showed higher corrosion resistance. This behavior is explained by the fact that the -phase precipitates contain 0.7 mass% Mo, which increases the corrosion resistance of the alloy, as shown in Fig. 2 . Moreover, during the long-term immersion in the test solution, the -phase structure is retained after selective dissolution of the -phase precipitates and corrosion resistance remains high. Thus, the amount of -phase precipitation is considered to affect the corrosion resistance. As Sample HB2-3 had the highest amount ofphase precipitates, the corrosion resistance was the lowest in the aged samples due to the selective -phase corrosion in the test solution. Samples HB2-1 and HB2-2, which had -phase precipitates, showed lower corrosion resistance than Samples HB2-0 and HB2-4, which had no -phase precipitates in the matrix metal.
As for the effect of Fe on the corrosion resistance of the TiMo-Fe alloy, Fe did not decrease the resistance of the alloy under the ST condition, which was elucidated by the high impedance of Sample HB2-0, as shown in Fig. 2 . Moreover, as Fe is a -phase facilitator, it is certainly involved in the phase but only slightly involved in the phase in the aged Ti-Mo-Fe alloy. Thus, as Fe is certainly involved in the phase with Mo which increases the corrosion resistance, the addition of Fe does not decrease the corrosion resistance of the Ti-Mo-Fe alloy under the aged conditions. In other words, Fe is always involved in the phase where corrosion resistance is significantly increased by the addition of Mo. TiMo-Fe might have less corrosion resistance than Ti-Mo alloy. However, at least as compared with pure Ti, Ti-Mo-Fe has much higher resistance against the corrosion, which is thought to be enough to use this alloy at 100 C. Finally, it is considered to be possible to maintain the high corrosion resistance of the aging heat-treated Ti-8Mo-5Fe alloy by using ferromolybdenum as the melting material.
Conclusions
The microstructural effect on the corrosion resistance of the aging heat-treated Ti-8Mo-5Fe alloy was investigated by EIS in 10 mass% NaCl solution (pH 0.5) at 97 C. Laser micrographs of the heat-treated alloy were measured after the corrosion test, and TEM analysis was conducted to identify the relationship between microstructure and corrosion behavior of the aged alloy. The following results were obtained:
(1) SEM micrographs detected relatively large grains of a single phase for Sample HB2-0 with solution treatment (ST) and Sample HB2-4 aged at 400 C, and both and phases were observed for the other samples that were subjected to aging heat treatment at 700 and 600 C. (2) EIS results showed that the corrosion resistance (R t ) of the alloy changed with immersion duration when the alloys were subjected to the corrosion test. The aged alloy samples with -phase precipitation showed lower corrosion resistance than that without -phase, but much higher resistance than pure Ti. (3) Laser micrographs of the aged alloy showed selective -phase corrosion. TEM analyses showed the compositions of -phase matrix of 5.3 mass% Mo and 4.8 mass% Fe, and -phase of 0.7 mass% Mo and 0.1 mass% Fe in Sample HB2-2 aged at 600 C. Thus, Mo-poor -phase precipitates were selectively dis- solved in 10 mass% NaCl solution. In the results, the ST sample with only the -phase showed the highest resistance, and aged samples containing -phase (0.7 mass% Mo) precipitates showed higher resistance values than pure Ti. (4) As for the effect of Fe on the corrosion resistance of the Ti-Mo-Fe alloy, Fe did not decrease the corrosion resistance under the ST condition. Moreover, as Fe was certainly involved in the phase with Mo which remarkably increased the corrosion resistance, the addition of Fe did not decrease the corrosion resistance of the aged Ti-Mo-Fe alloy. (5) It is possible to maintain the high corrosion resistance of the aging heat-treated Ti-8Mo-5Fe alloy by using ferromolybdenum as the melting material.
